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Abstract

The absorption spectra of 1,S from 2000 to 11,147 cm™ have been obtained with
spectral resolutions of 0.006, 0.012 and 0.021cm™ using the Fourier transform spectrometer
at Kitt Peak National Observatory. The transitions of 20 bands have been assigned for the
first time and 8 others re-analyzed so that accurate energy levels, band origins and rotational
parameters could be determined. The analysis of these data revealed some remarkable
features in the energy spectrum, e.g. fourfold clustering of rotational levels belonging to the
symmetric and asymmetric components of local mode manifolds at a high degree of
stretching excitation. This paper reports fitted vibrational parameters and predicted band
origins of 1,S up to 12,735 cm'l. 1t also presents the degenerate rotational constants and

upper state energies of (301)-(202) and (311 )-(2,12.) at 1 pm asillustrations of clustering in
the local mode limit.

1. introduction

The detailed knowledge of hydrogen sulfide absorption spectra has application for
terrestrial atmospheric pollutant measurements and for the investigation of chemistry in the
Jovian atmosphere.  From a theoretical viewpoint, hydrogen sulfide is an interesting
example of alight asymmetric rotor for which the internal nuclear motion can be strongly
perturbed by intramolecular interactions arising from vibrational or rotational excitation,
For this reason, the vibrational-rotational energy spectrum of H,S has been modeled in
numerous papers using new theoretical approaches to demonstrate the effects of the local
mode vibrations or bending- rotation coupling [1-3]. The infrared spectrum of 1,S has
been the subject of severa high resolution studies concerning the ground vibrational state
[4,5], the first excited level (010) at 8.3 um [6,7], the first triad of interacting states
{(020)-(100)-(001)} at 4um [8], two levels {(110)-(011)} from the second triad at 2.7 um
[9] and the {(101)-(200)} [10] and {(1 11)-(210)} [11] states belonging to the first and
second hexade at 2 um and 1.6 pm, respectively.  1lowever, up to now, the knowledge of
hydrogen sulfide absorption and its energy spectrum has been incomplete, especialy in the
case of weak overtone stretching and bending modes. The lack of experimental data has
limited both the theoretical analysis and the prediction of the near-infrared and the visible
regions.

The present study reports the vibrational assignment of H,S over a wide spectral
interval from 2000 to 11,147 cm-". In all, transitions of a total of 29 vibrational bands
have been observed, Of these, 20 bands, including (311) at 11008 cm’’, have been
identified at high resolution for the first time. In this report, we present the vibrational
energy levels analysis aong with the rotational assignments of pairs of paralel and
perpendicular bands at 1um which become rotationally degenerate in the local mode limit.



2. Lixperimental details

1 aboratory spectra of H,S were recorded at 0. 006, 0. 012, and 0. 020 cm™ resolution
with the Fourier transform spectrometer located at the McMath telescope facility at Kitt
Pcak National Observatory/ National Solar Obscrvatory. 1)ata were obtained using three
different beamsplitters (KCl, Cal, and quartz) in conjunction with As-doped silicon, InSb
and photo-diode detectors in five different band pass intervals: 1000-2600 cm-l, 1800-5500
cm’?, 3600-8000 cm-*, 3600- 10,000 em™ and 8600- 16,000 cm™. The optical sources were
aglobar at longer wavelengths and a quartz projection lamp in the near-infrared and visible
regions. Optical path lengths were changed from 1.5 m to a maximum of 433 m by using
3 different stainless steel absorption cells.  Sample pressures were varied from 1.49 to 30
torr a room temperature. A second absorption cell containing CO was generaly in series
with the 112S cell to establish the frequency calibration in the near-infrared using the 2-0
positions reported by Pollock et al. [12].  Each spectrum was usually integrated 70 to 80
minutes to produce signal to noise ratios ranging from 1000:1 at 2.5 um to 400:1at 8 pm
to50:1 at 1 um. Figure 1 is given as an example of the spectrum in the P branch of (021)
recorded at 0.012 ¢m™ resolution with a 28 m optical path and 9.99 torr of H,S at 289.3 K.

The line centers were determined elther by doing first and second derivatives of the
apodized spectra or by least-square fitting of the Voigt contour with the unapodized data
The precision and accuracy of aline center varied according to the region, gas pressure and
degree of blending with other features. At 4 um where the resolution was 0.012 cm-I, the
precision is 0.0001 em™ for isolated lines. | Jowever, at 11,000 cm’where the resolution was
0021 cm’, the precisionat bestis0.0010 cm-I  because the signal to noise was much
worse. In addition, higher sample pressures of 10 to 30 torr were required to observe these
very weak bands so that line centers arc affected by pressure shifts.  The absolute line
posi tions were further degraded because no suitable calibration lines were available near
1 pm; for the interim, these data arc calibrated using 11,S lines at 8800 ¢m™ rccorded using
the 3600 to 10,000 cm™ band pass with the same gas sample.

3.1 .ine assignments and rotational energy levels

The line assignments were made using the combination differences and estimated
line frequencies and strengths as described in Ref.[13]).  The line assignment process was
followed by continual fitting of the rotational constants to obtain better predicted line
positions and relative strengths.  Such a procedure often permitted the identification of
weak lines which could not be assigned by usual combination difference methods.  Figure
2 summarizes the upper vibrational states of 24 bands belonging to different interacting
band systems (triad, hexade, decade and quindecade) that have been observed so far in the
near-infrared portion of the Kitt Peak spectra. The extent of identification is given by
indicating the largest values of the J and Ka quantum numbers [J,,,, and Ka,,,,] obtained
up to now and the total number of upper state levels assigned. New band origins were
obtained either using the observed assignment of P(1,1,1) or 1'(1,0,1) to the 0,0,0 levels or
by fitting all available assignments.




4. The vibrational energy levels of 11,28

‘The two previous [7,8] and 28 new bard origins have been combined to determine
the effective vibrational Hamiltonian constants and to calculate the highly excited vibrationa
levels. The effective vibrational Hamiltonian is the “ spectroscopic Hamiltonian" of Ref.[14]
that includes the high enharmonic terms:

H = 3 Hyliy(jl.
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The spectroscopic parameters determined arc the harmonic frequencies w,;, », and
w3, enharmonic X;, Yy, constants and the coupling Darling-Dennison resonance constants
I'pp, @nd vy,. The Fermi-resonance has not been included in the calculations because it has
been found to be insignificant. The fitted vibrational parameters of hydrogen sulfide arc
shown in Table 1 together with estimated uncertainties (one standard deviation). The
calculated vibrationa energy levels of H,S up to 13000 cm™? and the available experimental
values arc presented in the second and third columns of Table 2. It may be seen that all
the fitted constants arc well-dctcrmincd. The maximum difference between observed and
calculated vibrational energy levelsis equal to 0.07 ¢m, and the standard deviation is 0.037
e for 30 observed band centers.  Although the fit dots not reproduce the band centers
to their experimental accuracies, it hasto be emphasized that this vibrational energy levels
calculation is the best in the literature to date. We believe that reproduction of the
cxperimental data at this level does provide a useful prediction of the highly excited states.

The results of the "ab initio" calculation [15] of the vibrational constants and levels
(column 6, Table 2) seem to be in qualitative agreement with our data. Wc do note that
ther ¢ arc some large differences between the experimental values and the “ab initio"




calculations for the (040) state and other higher vibrational states involving the bending
vibration. The levels involving low excitation of the bending mode (v, < 3) calculatedly
Kozin and Jensen [3] using the variational MORBID (Morse Oscillator Rigid Bender
Internal Dynamics) method (column 5, Table 2) agree within 1 cm? with our results. Yor
states involving the excited bending vibration, the differences between our and the Kozin,
Jensen calculations range from 2 ecm for (040) state to 30 cm™ for highest bending state
(080). Note that in the case of our calculations, the agreement for the (040) state is
satisfactory because its observed upper state level was used in our fitting, while in the Kozin,
Jensen paper the (040) energy valueis purely a prediction.

The MORBID approach uses the exact vibration-rotation Hamiltonian with the
intramolecular potential energy function having a reasonable asymptotic behavior. Energy
levels arc calculated by a “direct” numerical diagonalization”, and the potential energy
function parameters are fitted to a large number of rotational-vibrational levels of four
isotopic species of hydrogen sulfide. The MORBID calculations have to give accurate
energy levels; hence the good agreement between our levels and those predicted within the
MORBID approach is evidence of the validity of the effective vibrational Hamiltonian
method.

S. The local modes in hydrogen sulfide
S.1 Vibrational energy spectrum of 11,S and local mode limit.

The traditional theory of vibrational- rotational spectra is based on the concept of
normal coordinates and a perturbation treatment of vibration-rotation interactions with
enharmonic corrections and relevant effective rotational Hamiltonians [16].  The
conventional approach has been successful in explaining the spectra caused by transitions
to low-lying vibrational states, but other approaches arc required for highly excited
vibrational states. The local mode mode] has been successfully applied to fit the vibrational
spectraof | 1,X, X11;, X11, and severa other types of molecules (see for instance [17-27]).
In this treatment, the molecule isrepresented asthe sum of indcpendent Morse- oscillators
with a weak potential and kinetic couplings between thcm while the bending vibration is
frozen, The local mode mode] dots explain the spacing between states of symmetric and
asymmetric vibrational mode (the local mode pair) and the degeneracy of these levels under
nigh excitation.

A extensive set of 11,S vibrational-rotation cenergies (experimental and calculated)
gives us an unigue opportunity to understand the local mode limit in some detail. We first
note that the relation predicted by Mills and Robiette [Eq. 24 of Ref. 26] is satisfied by the
fitted | 1,S parameters shown in ‘1'able 1.

X” = X33 = 0.25 X13:r'm, Or -24.3 =~ '24.5 ~ '23.7 ~ '23.3

Sccondly, wc can determine the energy where the local mode limit is reached so that the
stretching modes beccome degenerate. The energy differences between stretching pairs (b, -
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1i,;) arc presented in Table 3. When bending vibration is frozen (column 1in the Table
3) the stretching pairs become degencrate beginning at n= 3. When the number of the
stretching quanta arc small, theincrease of the bending vibration quanta leads to a sharp
decrease Of By -E,;. When the number of the stretching quanta exceeds 2, the bending
vibration dots not affect the degencracy of the pairs.

5.2 Rotational energy levels at the local mode limit

Despite extensive studies of local rnodc vibrational motion in different types of
molecules, there is only limited information about the rotation- vibration energy structure
for the case of loca mode behavior (scc Ref. 25).  Existing models employ simplifying
assumptions about the intra-molecular potential energy function [23]. Little has been
reported about the rotational structure in the local mode limit.

In the present study, wc have examined the rotation-vibration energy levels of the
nearly degenerate pairs of vibrational states corresponding to the excitation of three and
four quanta of the stretching vibration. Band origins and rotational constants have been
determined’ by fitting experimental energy levels. For example, the calculated and observed
upper state levels, the differences between observed and calculated values, and the mixing
coefficients for the {(301)-(202)} and {(3 11)-(2.1 2)} local mode pairs are presented in Tables
4 and 5, respectively. Wc noted some interesting features.  First, al levels of the
stretching pairs arc at least doubly degenerate, despite the fact that they arc determined
from different sets of lines of parallel and perpendicular bands. In first pair, the
degenerate pairs consist of onc level belonging to (301) and another one belonging to
(202). The degeneracy is within 0.018 cm™ for levels listed in Table 4.

To modedl the observed levels, the effective rotational 1 Iamiltonian iSwritten in the
usual manner; apart from Watson-type “diagona” 1 lamiltonian, it contains the Coriolis-type
“resonance” operator. If wc use the 1 Jamiltonian with different rotational and centrifugal
distortion constants for the two vibrational states belonging to the given local mode pair,
wc find that the parameters of two states arc very similar. For instance, the rotational
constants of the (301) and (202.) pair arc9.61598 + 0.00060, 8,61483 + 0.00071,
4.47645 - 0.00013 and 9.61589* 0.00069, 8.61315 = 0.00077, 4.47677+: 0.00017 for A, Band C
constants, respectively, and the centrifugal distortion constants arc equally closc. If we
force the rotational constants of the pairs to be equal, reducing the number of fitted
parameters from 17 to 9, the quality of the fitting dots not change very much; in the first
case, the standard deviation is 0.005 cm-" and for the second it is 0.006 cm™.  1I"bus, onc
can conclude that the highly cxcited local mode vibrations lead to an alignment of rotational
and centrifugal distortion constants for the paired states and that the parameters become
identical. As a consequence one can usc for the calculations the simple models with fewer
adjust cd parameters. The fitted parameters for these st atcs arc presented in “1'able 6. 1*hc
1 Jamiltonian reproduces the experimental data well enough to assign unambiguously the
spectrum recorded at 0.02 em™ resolution. Yor 120 energy levels of (301)-(202) and 129
levels of (]311)-(212), the standard deviations arc 0.006 ¢cm™, and the largest deviation is
0.017 c¢m™.



Asitisseen from Tables 4 and 5, the mixing between rotational sublevels is strong.
‘1’ here arc numerous levels with approximately fifty-fifty mixing, and the maximum of the
mixing shifts toward the larger values of the Ka quantum number with increasing J. This
causes the strengthening of the weak component of local mode pair (e.g. (202)). As a
conscquence, there are alarge number of lines which arc actually doublets. This leads to
some difficulties in the energy levels determination.  We have aso found examples of
fourfold clustering in the (301)-(202) pair starting with J=4 levels at Ka = O and 1 of both
states.  Yor J = 6, the degeneracy is 0.001 cm™, and analogous clustering takes place for
Ka=1and 2 levels starting at J =6, and for K,= 2 and 3 at J= 8 etc. “I'his kind of
fourfold clustering was previously predicted by 1 ehmann [23] and later was confirmed by
Kozin and Jensen during MORBID calculations for v, /v, bands of H,S [3] and H,Se [27].
This type of clustering is formed by "coexistence” of two energy doublets belonging to states
of local mode pair. The present result is experimental evidence of this phenomena at low
J and Ka values,

Conclusion

The large set of rotational-vibration energy levels obtained from the high resolution
Fouricr-Transform spectra of H,S up to 11,147 em™ has permitted detailed studies of its
vibrational structure in the local mode limit, The high excited bending vibrational states
(030), (040), (130) and (031) have been analyzed for the first time so that the
bending-vibrational interactions could be investigated.  The local mode limit is clearly
demonstrated in severa highly excited vibrational states: (211)-(112), (301)-(202), and
(311)-(212). The rotational structure of the stretching pairs is completely degenerate from
J=0upto J= 10, and the spacing between corresponding levels in the stretching pairsis less
than 0.02 cm™. This allows the mixing of the spectroscopic parameters of onc vibrational
component with another component of the stretching pair.  As aresult, a fourfold
degencracy of the Ka= O and Ka= 1 arises at low J-values when strong excitation of the
local modes occurs.
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IFIGURES AND TABI IS
Figures
Figure 1. An apodized Kitt Peak 1S spectrum of 11,S in the P branch region of (021).
The J* assignment of theK, == 0,1 lines are indicated. The optical path is
28.5 m, and the sample pressure is 9.99 torr at 289.3 K.

1 dgure 2. Summation of assigned levels for 24 H,S bands in the near-infrared
Tables

‘Table 1. Vibrational spectroscopic constants of 11,%S

I’able 2. Vibrational upper state energy levels of H,%S (cm-])

I’able 3. The energy differences in cm™ between Aland B1 stretching pairs
I’able 4. Fitted constants of 11,S (in em™) (301) and (202)

Table 5. Upper statc energy levels (in em™) and mixing coefficients
for the (311) and (212) vibrational states of 1 1,32S

Table 6. Fitted constants (in cm™) of local mode pairs of 11,S
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Summation of *he assigned levels for 24 H,S bands in the near-infrared

sYsTEM L. SECOND TRAD e e -+ e FIRSTHEXADE . i SECOND HEXADE....
REG'ON 2.7um 2.0um 1.6em

BAND 020 110 011 040 120 021 200 101 002 1230 031 121
drmax 8 10 10 9 10 b 1 3 2R 8 8 8

K8, a 5 7 7 7 7 9 10 10 6 7 7 7

NUNMBER 21 o4 100 54 73 15 124 128 68 62 65 67
SysTeEM FRSTDECADE. ... 2nd DECADE ... 18t/ndQUINDECADE ...
REG'ON 1.3em 1.1um 1um

BAND 102 201 300 002 112 211 301 202 004 103 311 212
o 8 § 8 8 9 ) 8 8 9 9 8 1

Ka 1 8 8 g 7 2 8 / 8 8 8 1

NUAVBER 75 75 75 75 74 86 74 47 53 67 63 35

. ]

SYSTEV: the toa! number Q7 imeracting s'ates -t I ad ( 3? , hexade (6), decade (10)anc quindscade (15).
BAND: thequanta 02 V. vyv, Four of thess have been previously studied atbig? resolution).

NUMBER: the total number of upper state levels assigned to maximum J and Ka

C’é.l




‘|"able 1. vibrational spectroscopic constants of n,%s

S A e s e e T T S T T S s e i s e i s B A B B Bt B S B s e s G @ s et G e B B e e G S e S B S B B e B G S B G o

Paraneter Val ue Par anet er Value (in cml)
Wy 2719. 1. 770( 760) Y Xl OO - 5.82 (1.90)

o, 1.212.840 (170) Y123 - 1.141.6 (240

Wy 2735.8241%860% Y., Xl0oo - 6.324 (850

11 -24.2588(120 Y33 X100 8.87 200

Xy, - 17. 0492( 800)

X4 -94.9594( 210) ! bo - 23.27498( 790)

199 -5.3160( 740) Yo 0. 4757 (120)

Lo ~-21.3253(860)

. -24..4936((161)

Estimated uncertainties in the | ast digits (in parent heses)
are one standard deviation

Number of levels

Nutloer of of 1paramc:eto::rs 30
T ds ., .cm’ ; 95037
Max deviation, cm” 0.072




Tabl € 2. Vibrational upper state energy levels of m¥s (em™)

V, v, Vg E
0O 1 O 1182.
0O 2 O 2353
1 0 O 2614
0 0 1 2628
0O 3 O 3513
1 1 O 3779
0 1 1 3789
0O 4 O 4661
1 2 O 4932
0 2 1 4939
2 0 O 5145
1 0 1 5147
0O 0 2 5243
0 5 0 5797
1 3 O 6074
0O 3 1 6077
2 1 o0 6288
3 1 1 6289
0O 1 2 6386
0 6 0 6920
0 4 1 7204
1 4 O 7204
2 2 0 7419
1 2 1 7420
o 2 2 7518
1 0 2 7576
2 0 3. 7576
3 0 O 7752
0O 0 3 7779
O 7 O 8030
0 5 1 8318
1 5 0 8321
1 3 1 8539
2 3 0 8539
0O 3 2 8639
1 1 2 8697
2 3 1 8697
3 1 0 8880
0O 1 3

(*p]
T
'

. 699

. 300
. 585
. 597
. 160
. 220
. 319

. 212

5243.

6074.
6077.
6288.
6289.

7420.

7576.
7576.
7752.
7779.

8697.

) 016

5825
5952
1465
3733

0908

3813
5439
2646
3184

1426

8697. 1. 553

.014
. 024

0.001

~-0.012
-*-0.004

0.000

-0.016

0.01.7
0. 028
0. 036
0. 046

0. 003
0. 002
0.01.3

~-0.047

eoleoloNe] o

. 017

. 014
.011
. 023
. 023

0.072
0. 040

Kozi n Senekowi tsch
[3] [ 15]
MORBI D ab initio

1182. 44 1190.4 [7]

2353.83  2372.0
2614.66  2620. 4
2628.56  2631.0 [8]

3513. 17 3543.5
3779. 29 3794. 6
3789. 66 3799. 8

4659. 48 4703. 7
4932.91 4960. 1
4939. 82 4960. 0
5145. 52 5154. 2
5147.12 5155.5
5243. 38 5251.2

5791. 83 5851. 6
6074. 50 6115. 6
6078. 05 6110. 2
6288. 37 6307.7
6288. 99 6307. 8
6385. 89 6403. 0

6909. 29 6986." 4
7203. 39 7249. 4
7203. 10 7259. 8
7420. 03 7451. 5*
7419. 92 7452.1
7517. 74 7546. 9*
7576.45* 7589.4
7576. 42 7589. 4
7752.40* 7768.4
7779. 60 7789. 3

8010. 95 8307.0
8334. 90 8376.5
8317. 74 8391.7
8538. 93 8585. 9
8539. 53 8585. 3*
8637. 92 8681. 5*
8696. 58* 8723.0
8696. 48 8723.1



|"able 2. (continued)

—— s — —— -

V, V, Vy Eatc E pe O.-c. Kc[>§]in Senc[e}lcg]witsch
MORBI D ab initio

0O 8 O 9126. 455 9095. 86

0O 6 12 9420. 992 9431. 66 9212.7

1 6 O 9426. 404 941.7.50 9490. 6

1 4 1. 9646. 934 9645. 06 9707.9

2 4 0 9647. 447 9645. 95 9708.0

0O 4 2 9749. 111 9745. 45

2 2 1 9806. 479 9805. 37 9805. 6

1 2 2 9806. 482 9805. 50* 9847.8

2 0 2 9911. 008 9911. 0225 0. 015 991 O.77* 9848.0

3 0 3 9911. 016 9911. 0225 0. 007 9910. 75 9929.1

3 2 0 9996. 658 9992. 23*

0 2 3 10008.533

4 0 0 10188.299 10188.3008 0. 002 10188. 86*

) 0 3 10194.434 10194. 4482 0.015 10193. 44

0O 0O 4 10292.758

1 5 1 10742.1.84

2 5 0 1.0742.793

0O 5 2 10846.547

2 3 1. 10904. 285

1 3 2 10904. 297

2 1 2 11008.71.3 11008. 6846 -0.028

3 1 1 11008. 715 11008. 6846 -0.030 31007. 74

3 3 0 11101.635

0 3 3 11106.729

4 1 0 11294.332

1 3 3 13297.188

0O 1 4 11395.406

1 4 2 33990.174

2 4 1 11990.178

3 2 1 12095.230

2 2 2 12095.232

3 0 2 121.49.848

2 0 3 12149.852

0 4 3 12193.457

3 4 0 12194.578

4 2 0 ]2388.432

1 2 3 12389.023

0 2 4 12488.023

1 0 4 12524.564

4 0 1 12525.150

5 0 0 12696.428

0O 0 5

12735. 256

* Labeling of the levels differs from that of [3] and [15]; our |abeling is based on the mixing cocfficients
and theirs on the contribution of the basis function.

+ Energy levels for (040),(400), (202), (212) states were obtained by fitting rotational levels
available with uncertaintics of 0.005 ¢m.
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Table 3. The energydi f ferences in cm'! between Al and Bl stretching pairs

Eg1=Ep Eg1~¥p Fgy—Fa Egy=Ey
n =1 n =2 n=3 n =4
V=0 (300, (200, (102, (202,
001)  14.1 103) 2.3 201) 0.2 301) 0.0
V=] (110, (230, (112, (212,
011) 30.1 111) 1.3 211) 0.0 311) 0.0
V=2 (120, (220, (122, (222,
021) 6. 4 121) 0.3 221) -0.0 321) 0.0
v=3 (130, (230, (132, (232, 0.0
031) 3.0 131) -0.3 231) -0.0 331)
v=4 (140, (240, (142, (242, 0.0
041) --0.1 341) -2.2 241) -0.0 341)
V=5 (150, (151, -0.6 (152, 0.0 (252, 0.0
051) --2.9 250) 251) 351

—— - S G- G B T O P e, e B e G B B €2 B Gne S B G Ghe g e B G G G T s g e TS WL g s o G G e G B T e G G s S B Gt e e Mz G G B @ S G e M W

vist he number of bending quanta of v,
nis the total number of stretching quanta of v, and v,
The Stretching pairsar ¢ shown i n parentheses




Tablex 4.
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Wpper stsate zenen(
feopr thee ((301) amda (o

T

I e

9“911. 022

9923.
9925.
9929.
9947.
9946.
9958.
9963.
9966.
9978.
9978.

10001.

3. 0000. 081

854
371
250
148
784
779
323
046
421
364
776

1. 0011. 375

10020.
10021.
10018.
10018.
10050.
10050.
30074.
10070.
30081.
10096.
10097.
30068.
10068.

10108.

101. 08. 837 .
3.0140. 678 .
10139.
101. 66. 294 .
101. 57. 450 .
10171. .
1.0192. 177 .
10192.
10126.

387
965
757
749
634
252
782
300
962
656
433
042
041
901

267 .

040

518
252

101. 26. 252

101. 76.
10176.
10216.
10216.
10248.
30244,
10261.
10276.
10279.
) 0306.
10307. .
30193.3-/6 .

181 .-

171

616 . |

306
563
849
842
432
171
924
063

. 322

. 421
. 362
L1772
e 079
. 381
. 386
. 960
. 758

. 251
. 780

. 290

. 655

. 039 --

. 022 0 100.

.856 2

.369 -1
. 253
. 143
LTT7T

NOoNowoFRPoONohroIPwWFPoOoOOoONoUN

. 7182
. 047

. 7152
. 634

. 965
. 432
. 040

o

~N W

N O1
! t !
voOoOU= 01O

N

©

[
4

1.0068.042
10108,

779
323

901

10108. 8, 36

10140.
10139.
10166.
10157.
10171.
10192.
10192.
10126.
10126.

678
266
294
451
040
177
517
252
253

10176. 1. 82

10176.
10216.
10216.
10248.
10244.
10261.
30276.
10279.
10306.
10307.
10193.

172
616
306
563
850
843
432
173
924
062

376

lewels( (in Jdm') ar d mixrin
W hibatki ohalalst at@se of o, 13s
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.141
. 781
L7712
. 315

774
. 087
. 370

. 958

. 676
. 294
. 036

. 512
. 250
. 250
. 176
. 187

. 833
. 432

. 920
. 077
. 375
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(301) | (202) .

J KX, B ate E,. O-C M xi ng Eate ¥, 0-C Mixing

7 17 10193.376 .375 0 51.0 49.0 10193.377 .377 O 1.1 98.9
716 10252.368 .363 --4 89.1 30.9 10252. 369 .363 -5 5.2 94.8
726 10252.367 .363 -3 94.8 5.2 10252.367 .363 -3 10.9 89.1.
725 10301.762 .“?58 -3 94.3 5.9 10301. 762 5.5 94.5
735 10301..703 .720 16 94.4 5.6 10301.703 .710 6 6.0 94.0
734 10341.752 .764 11 94.0 6.0 10341. 751 6.0 94.0
7 4 4 10340.693 .696 2 90.8 9.2 10340. 693 9.2 90.8
7 4 3 3.0374.354 80.8 19.2 10374. 354 19.2 80.8
753 10366.698 .692 -5 62.2 37.8 10366. 697 37.8 62.2
75 2 10405. 282 61.3 38.7 10405.282 .297 14 38.7 61.3
7 6 2 1.0383.948 .953 4 40.5 59.5 1. 0383. 948 59.5 40.5
761 3.0406.679 55.4 44.6 10406.678 44.6 55.4
771 10440.815 .809 -6 74.2 25.8 10440.815 .808 -7 25.8 74.2
770 10440.868 .866 -1 76.0 24.0 10440.868 .865 -2 24.0 76.0
8 0 8 10269.402 .398 --3 99.7 0.3 10269.402 .398 -3 49.5 50.5
818 1.0269.402 .405 2 50.5 49.5 10269.403 .405 1 0.3 99.7
8 17 10337.440 .445 4 99.1 0.9 1.0337.440 .445 4 1.3 98.7
8 27 10337.439 .439 0 98.7 1.3 10337.438 .439 O 0.9 99.1
8 2 G 10395.818 86.6 13.4 10395. 818 33.1 86.9
8 3 6 1.0395.808 .794 -13 86.8 13.2 10395.808 .808 0O 13.4 86.6
8 3 5 10444.553 91.9 8.1 10444. 552 8.2 91.8
8 4 5 10444.312 91.4 8.6 10444. 313 8.6 91.4
8 44 30484.219 .200 -18 90.3 9.9 10484. 217 9.9 90.1
8 54 1.0481.399 82.6 17.4 10481. 399 17.4 82.6
8 53 30504.923 .929 5 46.0 54.0 10504. 924 54.0 46.0
8 6 3 10553.512 53.9 46.1 10553. 512 46.1 53.9
8 6 2 30552.867 64.5 35.5 10552. 867 35.5 64.5
8 7 2 10524. 359 44.3.  55.9 10524. 360 55.9 44.1
8 71 3.0518.150 .160 9 78.7 21.3 10518. 149 21.3 78.7
8 8 1 10593.728 71.2 28.8 10593. 728 28.8 71.2
8 80 10593.746 .745 0 72.2 27.8 10593. 747 27.8 72.2
909 10354.317 .316 0O 55.3 44.7 10354.317 .321 3 44.3 55.7
9 19 10354.317 .31.6 0 55.7 44.3 10354.31.7 .321 3 44.7 55.3
918 10431.377 .385 7 98.9 1.1 10431.377 .385 7 46.3 53.7
928 10431.377 .372 -4 53.7 46.3 10431. 375 372 -2 1.1 98.9
9 27 10498.712 81.1 18.9 10498. 711 28.4 71.6
9 3 7 10498.708 .708 0 71.6 28.4 10498. 709 18.9 81.1
9 3 6 10556.341 83.2 16.8 10556. 341 1.7.4 82.6
9 46 10556.290 82.6 17.4 10556. 291 16.9 83.1
9 45 10604.340 88.4 11.6 10604. 341 1)..6 88.4
9 5 5 10603. 557 87.0 13.0 10603. 558 13.0 87.0
954 10644.004 85.3 14.7 10644. 005 14.7 85.3
964 10637.862 71.8 28.2 10637. 864 28.2 7.8
9 6 3 10659.950 51.8 48.2 10659. 949 48.2 51..8
9 73 10719.412 61.4 38.6 10719. 412 38.6 61.4
972 10719.135 67.7 32.3 30719. 334 32.3 67.7
9 82 10683.614 49.9 50.1 1. 0683. 615 5. 1. 49.9
981 10680.044 76.4  23.6 30680. 045 23.6 76.4
991 10765.521 68.2 31.8 10765. 521 31.8 68.2
9 9 0 10765.526 68.7 31.3 10765. 527 31.3 68.7

D L e et

-C = observed-calculated band centers in units of 102 cm?

o




Tab] e 5. Upper state energy levels (in cml) and mixing coefficients

for the (311) and (212) vibrational states of H}?s

(311) (212)

J KK, ) Ey, O-C M xi ng Ealc E,. O-C Mixing
0 00 31008.684 .684 0100.0 0. 0 11008.684 0.0 1.00.0
101 31021.667 .669 1 83.3 16.7 11021.667 .670 2 16.7 83.3
311 11023.299 .301 1 83.3 36.7 31023.299 16.7 83.3
1 1 0 11027.451 .451 0 100.0 0.0 11027.451 . 459 7 0.0 3.00.0
2 02 1.1045.107 .1.07 0O 54.0 46.0 11045.107 .115 7 46.1 53.9
212 31044.714 .711. -2 52.8 47.2 11044.713 .716 2 47.1 52.9
211 11057.555 .555 0 83.3 16.7 11057.555 16.7 83.3
221 11062.443 .441 -1 83.3 1.6.7 11062.443 .440 -2 16.7 83.3
2 20 11065.352 .355 3 98.9 3.3 31065. 352 1.1 98.9
303 1.1076.331 .336 4 86.3 13.7 11076.331 .335 3 13.9 86.1
313 11076.270 .272 2 85.9 141 31076.270 .270 0 13.9 86.1.
312 11099.519 .518 0 50.1 49.9 3.1099.519 .517 -1 49.9 50.1
322 11101.350 . 349 0O 45.7 54.3 ).1101.351 .356 5 54.3 45.7
3 21 3111.1.607 .604 -3 82.5 17.5 1.1111.607 .604 -3 37.5 82.5
331 11121.299 .299 0 82.8 17.2 1.1121.299 .299 0 17.2 82.8
330 1.1122.979 .980 0 95.6 4.4 1.1122.979 e 979 0 4.4 9 5 .
4 04 11116.508 .510 1 99.5 0.5 3.1116.508 .506 -1 0.5 99.5
4 1 4 11116.500 .506 5 99.5 0.5 3.1116.500 .510 9 0.5 99.5
4 13 1.1150.649 .651 1 85.8 14.2 11150.649 .641 -8 14.2 85.8
4 2 3 11150.235 .232 -2 84.3 15.7 11150.234 .237 2 15.7 84.3
4 2 2 11176.514 .511 -2 55.0 45.0 11176.514 45.0 55.0
4 32 11171.673 .665 -7 45.5 54.5 11371.674 .672 -1 54.5 45.5
4 31 11184.167 .165 -1 80.1 19.9 11184.167 .166 0 19.9 80.1
4 43 11199.956 .957 0O 81.6 18.4 11199.956 .955 0 384 81.6
4 4 0 11200.779 .778 0 “90.5 9.5 11200.779 .783 3 9.5 90.5
505 11165.518 .524 6 96.7 3.3 11165.518 .523 5 0.9 99.1
515 11165.516 .524 8 99.1 0.9 11165.517 .524 7 3.3 96.7
514 11209.280 . 286 5 98.7 1.3 11209. 281 1.3 98.7
524 11209.211 . 210 0 98.5 1..5 31209. 211 1.5 98.5
52 3 11243.293 . 297 3 84.6 15.4 11.243.294 .293 0 15.4 84.6
533 11241.761 .756 -4 79.5 20.5 11241.761 .753 -7 20.5 79.5
532 11270.725 .732 7 56.3 43.7 11270.726 .721 -4 43.7 56.3
542 11261.189 .181 -8 41.7 58.3 11261..190 58.3 41.7
541 11275.769 .775 6 74.7 25.3 11275.767 .765 -1 25.3 74.7
5 5 1 11298. 449 . 449 0 79.8 20.2 11298.449 .449 0 20.2 79.8
550 11298.809 .811 1 85.2 14.8 11298.809 .809 0 14.8 85.2
6 06 11223.335 .333 -1 99.0 1.0 11223.335 .333 -1 0.7 99.3
6 16 11223.336 .333 -2 99.3 0.7 3.1223.336 .333 -2 1.0 99.0
615 11276.820 .817 -2 91.7 8.3 1.1276.821 .819 -3 4.9 95.1
6 25 11276.810 .819 9 95.1. 4.9 1.1.276.81.1 .817 6 8.3 91.7
6 2 4 11320.090 .100 9 97.0 3.0 31320.091 3.0 97.0
6 34 1.1319.755 .744 10 96.0 4.0 11319.755 .744 -lo 4.0 96.0
6 3 3 11354.265 .269 3 83.0 17.0 1.1354.265 .262 -2 1"/.0 83.0
6 4 3 11350.244 .243 0 71.6 28.4 1.1350.243 .247 3 28.4 71.6
6 42 11384.109 .114 4 58.3 41.7 11384.108 41.7 58.3
6 5 2 13.368.395 .402 7 39.7 60.3 11368.396 .403 7 60.3 39.7
6 5 1 11387.005 .009 3 65.9 34.1 11387.004 34.3 65.9
6 61 11416.738 77.4 22.6 11.416.738 .738 0 22.6 77.4
6 6 0O 11416.885 .883 -3 80.5 39.5 11416.884 19.5 80.5
7 07 11289.949 .949 0 54.4 45.6 11289.948 .949 0 0.5 99.5
7 17 11289.949 .949 0 99.5 0.5 11289.94"9 .949 0 45.6 54.4
7 1 6 11353.158 .152 -5 61.7 38.3 11353.157 .152 -4 35,5 84.5
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.014
. 951
. 766
. 621
. 626
. 351
. 747
. 798
215

.1.56

.152 -3
.958 6
.610 -10

3.1554 .71.9 .720 O

11.554. 772
11365. 350
11365. 349
11438. 269
11438. 268
1. 1500. 747
11500. 735
11552. 837
11552. 584
11595. 198
11592. 157

.350 O
.350 O
.263 -5
.263 -4

. 728 -7

11617. 204

11669. 334
13668. 659
11638. 025
31631. 477
11712. 238
33712. 259

11712.

e e

. 621
. 626
. 349
. 748
11493. 798
11518. 21. 3
11554. 718
11554. 773
11365. 351
11. 365. 349
11438. 268
1].438. 268
11500. 747
11500. 736
11552. 838
11552. 584
31595. 197
11592. 157
) 1617. 203
11669. 333
11668. 660
31638. 026
11631. 478
11712.

. 786
. 350
. 350
. 263
. 263

. 728

———— —— -
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Mixing
38.3 61.7
7.3 92.7
7.8 92.2
5.8 94.2
8.9 91.1
18.8 81.2
37.6 62.4
39.1 60.9
59.6 40.4
44,3 55.7
25.4 74.6
23.7 76.3
0.3 99.7
0.3 99.7
45.2 54.8
1.2 98.8
15.2 84.8
18.9 81.1
9.7 90.3
10.1 89.9
9.6 90.4
17.1 82.9
54.3 45.7
46.5 53.5
.0 .0
3 1
9 1
7
.6



Tab] ¢ 6. Fitted constants ( i ncm’') of local node pairs of H,s
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(303. ) and (202) (311)-(212)
E, 9911. 0225 11008. 6836
A 9.61481 (29) 9.92916(51)
B 8. 63533(33) 8.84191(19)
C 4. 47661(12) 4. 41553(61)
Dk 1000 3. 990( 16) 4.067(34)
Djk 1000 -2.563(10) -2.3682(44)
pDj 10000 6.531(32) 6. 5609(51)
dk 10000 -3.1.55(67) -6.0
dj 30000 2.950(10) 2.9705(29)
Hk 1000000 1.8 2.83(53)
Cx 2 0. 569651( 88) -0.6081. 71( 87)
Standard devi ation 0.006 cml 0.005
Nunber of |evels 120 129

----------

Estimated uncertaintes are 1 sigma in the last digit.
Paramefers without uncertainties were held fixed.




